Abstract: Inter-area oscillations are serious problems to large-scale power systems. A decentralized H ∞ generator excitation controller of a power system is proposed to damp the inter-area oscillations and to enhance power system stability. The design procedure for a linear composite system is presented in terms of positive semi-definite solutions to modified algebraic inequalities. The resulting controller guarantees closed-loop stability, robustness and an H ∞ -norm bound on disturbance attenuation even under uncertainties such as high frequency noise. The control is decentralized in the sense that the control of each generator depends on local information only. The effectiveness of the H ∞ controller is demonstrated through digital simulation studies on a two-machine power system.
Introduction
Inter-area oscillations with frequencies ranging from 0.1 Hz to 0.8 Hz [1, 2] are common problems in large extended power systems. Such oscillations are very harmful and may cause a total breakdown in power transfer, especially when there are weakly coupled transmission lines in the system carrying large loads. However, they are not only hard to detect and to identify but also very complex to study and to control due to the different modes of oscillations.
A common approach to aid the damping of these oscillations is the use of power system stabilizers (PSSs) to modulate generator excitation control. This has been introduced and used in power industry for many years [1, 3] . However, PSS is designed for each generator individually. Due to complexity of present day power systems, the number of modes of oscillation experienced by a particular generator has become large and the frequency of these modes has begun to vary over a wide range. Therefore, the design of an effective PSS for the generator has become extremely complex and difficult.
New equipment such as static var compensator (SVC), various flexible AC transmission system (FACTS) devices such as united power flow controller (UPFC), and shunt static synchronous compensators (STATCOMs), has been considered to aid the damping of these oscillations. Paper [3] discusses and compares different control techniques for damping undesirable inter-area oscillations in power systems by means of PSSs, SVCs, and STATCOMs.
Many investigators have studied the use of FACTS devices in the transmission system to aid damping of these oscillations and to enhance system stability [3] [4] [5] [6] [7] . However, a handful of them addresses the issue that these controllers are now required to operate satisfactorily in the presence of several modes of power swings or oscillations and over a wide range of operating conditions. As mentioned in [8] , the effectiveness for such controllable series compensations is very much dependent upon the level of transmission line loading, load characteristics and inertia of the two areas.
Compared to the use of FACTS, generator excitation control is a cost-effective method to damp oscillations. However, uncertain factors in actual plants, such as high frequency noise, will affect the performance of the controller. Thus, H ∞ optimal control theory has been developed to deal with the problem of robust stability [7, 9, 10] . Moreover, the proposed controller has to be decentralized because it is very important in terms of practical application and implementation.
Large-scale power systems can be modeled as composite systems which consist of numerous interconnected subsystems [7] . In this paper, a decentralized H ∞ controller via state feedback for linear composite systems is investigated. A new decentralized H ∞ controller design which involves solving a modified Riccati equation of a much lower order is presented. Moreover, the proposed controller of each generator depends on local information only.
Digital simulation studies on a two-machine power system are conducted to investigate the effectiveness of the proposed controller during variety of system disturbances. Major direct benefits of using robust H ∞ control include (i) damping of inter-area oscillations, (ii) dynamic stability enhancement, and (iii) small disturbance attenuation.
In order to assess and demonstrate these benefits, it is desirable to base the simulation studies on realistic power system models and a well established power system simulation package. The PSCAD/EMTDC simulation software package has been used in this study.
The design of the H ∞ controller presented in this paper is shown to be effective in damping the inter-area oscillations of a two-machine system during both of small and large disturbances. The proposed controller can be easily extended to control a more complex power system. The rest of the paper is organized as follows. In Section 2, the decentralized control is introduced. In Section 3, the dynamic model of a two-machine system used in this study is discussed. The digital simulation results are presented in Section 4 and the conclusions are discussed in Section 5.
Decentralized H-infinity controller design
In this section, we consider an H ∞ controller design problem for linear systems. Specifically, consider a linear composite system which is composed of N subsystems described by
where, ∈ R ×1 and ∈ R ×1 are the states and inputs of the subsystem, respectively, the 's are outputs to be regulated, the 1 's are square-integrable disturbances, and
The overall system can be equivalently described by the following composite equations:
where = [
In this section, we will design decentralized linear H ∞ controllers of the following form:
Applying the above decentralized controllers to the linear composite system , the resulting closed-loop system is described by
Decentralized H ∞ control for damping power system oscillations =
H K
The objective is to select the feedback gains K , which is given by the following procedure.
Theorem 1.
Consider the system of Eq. (3)- (4) . Let γ be a positive constant. Suppose the pair (A H) is detectable. The following modified Riccati inequality is derived from [9, 10] .
where P is a real matrix and P ≤ 0.
, and
Then the closed-loop transfer function matrix
The following Lemma 1 is also needed to support Theorem 1 [9] . 
Lemma 1.

Let T ( ) = H( I −
then A is Hurwitz, and T ( ) satisfies
The proof for the theorem and the lemma is omitted due to limitation of space and can be referred to [7] . It is well known that in the H-infinity theory, the smaller the norm bound T ( ) ∞ is, the more robust the designed controller will be. As a result it is effective even there is high frequency noise in the system. Thus, the minimum value γ is the design target in this study.
Power system simulation model for H ∞ control
A two-machine power system shown in Fig. 1 is taken from [8] . The transmission system is represented as a double circuit line. The effects of line resistance and shunt capacitance are assumed to be negligible, and ignored. There are loads in two buses near the generators. The fault location point is located in the middle of the transmission line. 
where = 1 2
In this paper, a successive approximation technique is employed to derive the control strategy using a model where the power disturbances are assumed to be small. It is possible to obtain a good approximation to the dynamic behavior of the system by linearizing the system equations around the operating point.
The linearized equations of the two-machine power system for the given parameter values listed in Table 2 and Table 3 in Appendix are: (3)- (4), the state-space equation of the integral system can be written as
For equations (16) We can solve the Riccati-like/Riccati inequality (11) for symmetric positive semi-definite solutions P by using MAT-LAB Robust Control Toolbox. The minimum value of γ for Decentralized H ∞ control for damping power system oscillations the existence of such solutions is found to be γ = 0 39. Then, by using (10), the controller gains are given by:
With this controller, the closed-loop system is stable (with the slowest pole being −1 16) and the actual H ∞ disturbance attenuation (from to ) is γ = 0 18 which is less than the designed value of γ = 0 39. The performance of H ∞ the control technique will be compared with PSS [1] for this two-machine power system. These controllers have been tuned to a large extent in order to obtain their optimal performances. It should be noted that Automatic Voltage Regulator (AVR) is used in the study system that includes PSS and it is not used in the proposed controller as the power system is subjected to small and large disturbances and to different operating conditions. This is to show the pure performance of the proposed controller alone. The detailed descriptions of AVR and PSS controls used in this study along with the values of parameters are given in Appendices B and C. It should be noted also that the PSS used in this study is the traditional type where it has only speed as the input. However, the models of PSS and AVR used in this study are quite adequate in terms of stability enhancement.
Simulation results
In the simulation study, the rotor angle ∆δ is calculated by the integration of ∆ω. And E can be calculated through the following equation [2] :
The proposed control of H ∞ in this study is based on a linearized model of the system. However, in order to demonstrate the effectiveness of the proposed controller, extensive simulation studies were conducted. Thus, in this study, we investigate system behavior under (i) small disturbance, (ii) large disturbance, and (iii) other operating conditions.
Small disturbance study
In a large-scale power system, inter-area oscillations may appear when the power transfer is increased through transmission lines. In this study, the transfer power P is increased from 2000 MW to 2400 MW as a step increment of 400 MW through increasing mechanical power of generator 1 at the instant = 1 second while the load of P 22 is increased to 3400 MW. As noted in [8] , inter-area oscillations developed following this step increase in the power transfer. We will investigate the performance of the H ∞ control following 400 MW step increase of power transfer without and with high frequency noise. The high frequency noise being 5 sin(3140 ) is considered in the measurement of ω.
The simulation results showing the subsequent behavior of δ 1 − δ 2 , P 1 and P 2 ∆E 1 and ∆E 2 using H ∞ and PSS controls are shown in Fig. 2 and 3 when high frequency noise is not considered.
• The two generators oscillate initially under PSS control when P is increased, then they are stabilized gradually in several seconds.
• The system is stable and damped quickly under H ∞ control.
The simulation results showing the subsequent behavior of δ 1 − δ 2 , P 1 and P 2 , ∆E 1 and ∆E 2 using H ∞ and PSS controls are shown in Fig. 4 and 5 when high frequency noise is considered.
• Although the system under H ∞ and PSS controls is still stable, the system under PSS control is affected by high frequency noise more than that of H ∞ control.
• The system is stable and damped quickly under H ∞ control, and H ∞ control has a better performance in the case of uncertain disturbance.
Large disturbance study
To simulate the system behavior under large disturbance conditions, a balanced 3-phase fault is applied at point shown in Fig. 1 . The description of 3-phase fault used in these simulations is listed in Table 1 . The simulation results showing the behavior of δ 1 − δ 2 , P 1 and P 2 , ∆E 1 and ∆E 2 using |ha and PSS controls are shown in Fig. 6 and 7. Comparing the simulation results shown in Fig. 6 and 7, the system behavior under H ∞ control is better compared to PSS. Although the system remains stable under PSS control, the oscillations are damped quickly under H ∞ control while they continue for much longer under PSS control.
 The two generators oscillate initially under PSS control when Pt is increased, then they are stabilized gradually in several seconds.
 The system is stable and damped quickly under H  control. 
Other Operating Conditions
In this study, the proposed H ∞ control scheme is shown to be effective under a fairly wide range of operating conditions. We will investigate the performance of the H ∞ control following 330 MW step increase of power transfer under other operating conditions. In this two-machine system, the base case operating points are δ 1 = 32°and δ 2 = 2 7°. A different operating condition for our simulation studies δ 1 = 55°and δ 2 = 2°is selected. The transfer power P is increased from 3126 MW to 3456 MW as a step increment of 330 MW through increasing mechanical power of generator 1 at the instant = 1 second while the load of P 22 is increased to 5400 MW. The simulation results are shown in Fig. 8, which show that the proposed control still damps oscillations effectively.
Discussions
It is obvious from the above observations that the proposed decentralized H ∞ excitation controller is effective to enhance power system stability and more robust than the PSS. It is also found that the proposed controlled scheme performs reasonably well over a fairly wide range of operating conditions of the power system. However, it should be noted that the proposed control scheme is based on the linearized model of a power system and thus, the Decentralized H ∞ control for damping power system oscillations control is affected by high frequency noise more than that of H  control.
The non-linearity has some effect on the performance of the scheme.
The simulation results under different operation conditions show the proposed H ∞ control is effective under a wide range of operating conditions. Although the matrix A of the linearized system model is different for different operation conditions, we can find a matrix H to make the pair (A H) to be detectable. Thus, the closed-loop transfer function 
Large disturbance study
To simulate the system behavior under large disturbance conditions, a balanced 3-phase fault is applied at point f shown in Figure 1 .
The description of 3-phase fault used in these simulations is listed in Table 1 . 
T ( ) ∞ ≤ γ for some prescribed γ > 0 according to (9) . However, will be different for different operation conditions. Therefore, this technique could still be applied as the system operates normally.
The proposed scheme can also be extended to a more complex system with many modes of oscillations. This method can also be used for a larger area interconnected power system after linearizing the system model. compared to PSS. Although the system remains stable under PSS control, the oscillations are damped quickly under H  control while they continue for much longer under PSS control. 
Conclusions
A decentralized H ∞ excitation controller has been developed. It should be noted that the controller is designed using the linearized model but the simulation results are taken using the nonlinear model. The proposed controller is shown to be effective and robust in suppressing inter-area oscillations as well as in enhancing the system stability limit. It is demonstrated by simulation results that the proposed controller is very effective in damping both of small and large disturbances in the study system. Moreover, the decentralized H ∞ excitation controller is more robust in the case of high frequency noise and the actual H ∞ disturbance attenuation is very small (0.18). The proposed controller is completely decentralized and only needs the information from local generators. 
